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Abstract 
Meninges comprise three distinct layers, the dura mater, arachnoid, and pia 
mater that surround the brain, spinal cord and some parts of the nerves. Tradi-
tionally the meninges were believed to serve only as protection for tissues that 
they encase. However recent work shows they have other important functions 
related to development and regulation of the nervous system. Given the impor-
tance of the meninges, it is surprising that we know very little about their devel-
opment. The embryological origin of the meninges has been debated for over a 
hundred years. Some studies imply that the meninges develop from the neural 
crest, while others suggest that they come from the somites. Here, we investi-
gated the temporal development of meninges in birds and mice and found they 
form at comparable stages. We investigated the origin of avian spinal meninges 
using chick/quail cell tracing protocols and found they do not develop from 
the somites as previously thought. We propose that meningeal epithelial blood 
vessels may have been mistaken as meninges and led to an erroneous conclu-
sion by previous investigators. We present data that show that avian spinal me-
ninges originated from the neural crest supported by data demonstrating that 
they express the neural crest marker HNK1. Finally using the Wnt1-Cre mouse 
we show that trunk meninges of mammals also originate from neural crest. 
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Introduction
Meninges are the protective layers enveloping the brain, spinal cord and parts of 
the nerves. They offer protection and are also essential for central nervous system 
development. Meninges in mammals consist of three tissue layers: dura mater, 
arachnoid layer and pia mater. The dura mater (ectomeninx) is the thickest and 
the densest of the three connective tissue layers. The cranial dura is continuous 
with the spinal dura. It consists of two layers; the outer thicker layer called the 
endosteal that contains larger number of cells and blood vessels and the inner 
thinner layer called the meningeal layer. The dura is continuous with the peri-
osteal layer of the orbit and with the pericranium through the suture of the skull 
(Clarke, 1944). The dura mater has been strongly implicated in the development 
of the skull (Richtsmeier and Flaherty, 2013). The arachnoid is an avascular con-
nective tissue layer containing collagen and elastic fibres. It also contains fibro-
blasts and is covered by epithelial cells that are connected to each other by tight 
junctions (Haines, Harkey, and al-Mefty, 1993). The external surface of the arach-
noid layer contains the arachnoid granulation and villi, which aid cerebral spi-
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nal fluid (CSF) circulation (Kapoor, Katz, Grzybowski, 
and Lubow, 2008). The pia mater is the deepest layer 
and the most difficult to identify, because of its delicate 
nature and adherence to the surface of the cerebral cor-
tex (glia limitans) and spinal cord (Standring, Ellis, and 
Wigley, 2005). Its external surface is covered by epithe-
lial cells that lack tight junctions. Both the arachnoid 
and pia mater contain elastic fibres network, integrated 
collagen bundles and large number of fibroblasts and 
macrophages. The pia mater also contains mast cells 
and lymphocytes in the perivascular areas (Bloom and 
Fawcett, 1968). The subarachnoid space lies between the 
arachnoid and pia mater and contains the CSF that starts 
to circulate at the fifth week of human embryonic life. 
Meninges not only offer protection to the tissues 
they encapsulate but new work shows that they are es-
sential for neural tissue development. For example, me-
ninges secrete the chemokine Cxcl12  which enhances 
the movement of Cajal-Retzius (CR) cells along the cor-
tical surface (Borrell and Marin, 2006). Additionally the 
pial basement membrane functions as an anchor for the 
radial glial cells (RGC) which are progenitors for neu-
rons and glia, and their processes serve as guideposts for 
migrating neurons (Radakovits, Barros, Belvindrah, Pat-
ton, and Muller, 2009). Survival of RGCs and ultimately 
cortical size is dependent on the expression of laminins 
in the pia basement membrane (Radakovits et al., 2009). 
Remarkably recent work has even demonstrated that 
meninges are a niche for neural precursor cells (Bifari et 
al., 2015; Petricevic et al., 2011). 
Given that meninges play a number of crucial roles 
associated with the central nervous system, it is a sur-
prise that we have only a sketchy idea regarding their 
development. The embryonic origin of the meninges 
has been debated for over a hundred years with two 
candidate tissues being proposed to have this role: neu-
ral crest and the somites. O’Rahilly and Muller suggest 
that meninges of the head and body are of mixed ori-
gin (mesoderm and neural crest) (O’Rahilly and Muller, 
1986). In contrast other studies have suggested that 
head meninges develop from neural crest (Jiang, Iseki, 
Maxson, Sucov, and Morriss-Kay, 2002; Korn, Christ, 
and Kurz, 2002) whereas body meninges are somitic 
in origin (Bagnall, Higgins, and Sanders, 1989; Christ, 
Huang, and Scaal, 2007; Halata, Grim, and Christ, 1990; 
Nimmagadda, Loganathan, Wilting, Christ, and Huang, 
2004). Furthermore, it is surprising that there is no de-
tailed study documenting the temporal development of 
the meninges in two extensively studied experimental 
animal models: the chick and mouse.
In this report we performed a detailed histologi-
cal survey of meningeal development during chick and 
mouse embryogenesis. Secondly, given the canonical 
view that head and body meninges develop from dif-
fering origins we investigated their contribution at their 
transitional point; the neck. We have previously shown 
that this evolutionary vertebrate novelty is a region with 
unique developmental properties, for example the mus-
culature originates from lateral plate mesoderm (Theis 
et al., 2010). 
We report that the development of meninges in 
mouse and chick take place at comparable developmen-
tal stages. Our chick/quail chimera studies show that the 
somites make a huge contribution to the tissues that sur-
round the developing neural tube. However the somitic 
cells formed vasculature tissue. Lineage tracing studies 
show that cells of neural tube form the meninges in both 
the neck and trunk region. In contrast to the somites, 
neural tube cells do not form blood vessels at the stages 
examined in our study. We therefore demonstrate that 
meninges of the neck and trunk are neural crest in ori-
gin, a notion supported by their expression of HNK1. 
Finally we used a genetic approach to show that neural 
crest forms mouse trunk meninges.
Methods
CHICK AND MOUSE EMBRYOS STAGE SERIES 
COLLECTION
Fertilised white leghorn chicken (Gallus gallus) eggs 
were purchased from (Henry Stewart poultry LTD 
UK) and incubated at 39° in 80 % humidity. All embry-
os were staged according to Hamburger and Hamilton 
(Hamburger and Hamilton, 1951) and harvested be-
tween HH16 to HH36 (D10). Transgenic and wild-type 
C57Bl6  mice were bred in house. Dissected embryos 
were fixed for one hour in 4 % PFA and stored in 1 % 
PFA/PBS until processing for paraffin sectioning.
PROCESSING OF TISSUE FOR MICROTOME SECTIONING
Embryos were dehydrated in an ethanol series. Embryos 
were then incubated twice in xylene for 45 min. There-
after the embryos were submerged in molten wax for 
1 hour at 65 °C. Finally, the embryos were embedded in 
a fresh wax. The embryos were sectioned at 10 µm using 
microtome (MICROM HM360) and stained with Hema-
toxylin and Eosin or used for immunohistochemistry. 
QCPN (1:1 DSHB, Iowa, USA) and QH1 (1:10 DSHB, 
Iowa, USA) were detected using the ABC peroxidase 
staining protocol (Thermo Fisher UK).
INDIAN INK INJECTION
For Indian ink injection glass capillaries (50μm) were 
pulled using a standard needle puller. The Indian ink 
was diluted in PBS 1:5 and loaded in the glass capillaries. 
The chick embryos were exposed by removing the ec-
toderm with an electrically sharpened tungsten needle. 
The same tungsten needle was used to make a hole at the 
lower part of the dorsal aorta and used to inject the ink 
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Fig. 1. Development of chick meninges. 
(A-A1) HH16 section showing the neural tube and the somites. Note absence of meningeal tissue around the neural 
tube at cervical or thoracic levels. (B-B1) HH20 section showing a single meningeal layer in the perineural space 
(black arrow). Note the ventral location of the tissue. (C-C1) HH26 meningeal tissue located at the ventral (black 
arrows) and dorsal aspect (red arrow) of the neural tube. (D-D1) HH36 section showing three layers of meninges at 
cervical and thoracic level. Dense innermost latey adjacent to neural tube (black arrows), a looser cell layer in middle 
(green arrow) and more ordered outer layer (red arrow). Scale bars — 50µM.
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into the circulation of the embryo. After robust perfu-
sion, embryos were fixed in Serra fixative.
QUAIL-CHICK TRANSPLANTATION
The fertile chick (Gallus gallus domesticus) and quail 
(Coturnix coturnix japonica) (Brian Potter UK) eggs 
were incubated at 39 °C in 80 % humidity until stage 
HH10–12 (Hamburger and Hamilton, 1951). Donor tis-
sue was prepared using the Chapman easy culture meth-
od (Chapman, Collignon, Schoenwolf, and Lumsden, 
2001). Grafting of tissues was performed as previously 
described (Theis et al., 2010). Operated embryos were 
harvested at day 8 of embryonic life and fixed in Serra 
fixative.
Wnt-1Cre/R26R TISSUE
Wnt-1Cre/R26R embryos were harvested E13.5, fixed 
for three hours in 4 %PFA in PBS then washed in PBS 
passed through a sucrose gradient and embedded in 
OTC. The embryos were sectioned at 7  µm and were 
washed in PBS. Endogenous peroxidase was inactivat-
ed with 0.6 % H2O2 in PBS for 30 minutes. Non-specif-
ic binding was blocked with 10 % goat serum for one 
hour. Rabbit polyclonal anti-beta-galactosidase anti-
body (1:800 Abcam ab616) was used overnight at 4 °C. 
Laminin was detected with a mouse anti-laminin mon-
oclonal antibody (1:200 Sigma L8271). 
Results 
DEVELOPMENT OF CHICK MENINGES
We started investigating the temporal development of 
chick meninges by examining HH16  embryos. At this 
stage there was no evidence of meningeal tissues at ei-
ther the cervical or thoracic regions (Fig. 1A-A1). How-
ever at HH20 the meninges were evident predominantly 
at the ventral aspect of the neural tube at both cervical 
and thoracic levels (Fig. 1B-B1). The development of the 
meninges expanded dorsally so that by HH26, they were 
evident at the dorsal aspect of the neural tube (Fig. 1C-
C1). By HH36  three meningeal layers were evident at 
both levels (Fig. 1D-D1). The inner and outmost layers 
were denser compared with the middle layer. 
DEVELOPMENT OF MOUSE MENINGES
The meninges were not evident at E9.5  at either the 
cervical or the thoracic level (Fig. 2A-A1). However at 
E10.5  a fine layer between the somite and the neural 
tube was evident at both levels (Fig. 2B-B1). Of note was 
the observation that the meninges were most prominent 
at lateral aspect of the neural tube. By E11.5 the menin-
ges extended to surround the entire neural tube at both 
levels (Fig. 2C-C1). Finally, three layers were evident at 
E15.5 (Fig. 2D-D1). As in the chick, the mouse menin-
ges at this time had differing cellular organisation with 
the inner and outer being more compact and the middle 
layer made of loose connective tissue (Fig. 2D-D1). The 
zone between the inner and outer meningeal layers was 
invested with blood vessels (Fig. 2D).
NEURAL CREST ORIGIN OF CHICK MENINGES
Previous research suggested that there are two sources 
of meninges in vertebrates; the neural crest in the head 
and somites in the trunk (Halata et al., 1990; Jiang et al., 
2002). Our original intention was to determine the or-
igin of the meninges of the neck since it lies between 
these two regions. We therefore lineage traced somitic 
tissues using unilateral homotopic quail/chick chimeras. 
To that end we grafted somite 10 for the neck region and 
somite 22  for the thoracic. The results presented here 
are from the analysis of 11 surviving chimeras/embry-
os at the cervical regions and 26  for the thoracic. All 
11  chimeras from the neck region operations showed 
incorporation of quail tissue. For the thoracic region the 
number was 18. We found that cells of somitic origin 
were present in regions surrounding the neural tube in 
8/11 neck and 18/18 thoracic embryos. Three neck and 
5 thoracic chimeras were thereafter examined in detail 
by sectioning the entire embryo (Fig. 3A and B). In ad-
dition, we were surprised to find somitic cells in the neu-
ral tube and therefore investigated whether they were 
blood vessels. Immunohistochemistry using the quail 
specific endothelial marker, QH1 indeed confirmed the 
presence of blood vessels of somitic origin in the neural 
tube. However these sections showed extensive blood 
vessel development that was somitic in origin in the me-
ningeal region (Fig. 3A1 and B1). We were only able to 
find somitic cells in the meninges that co-localised to 
QH1 expression. These results suggest that somitic cells 
form the vasculature of the neural tube. To confirm that 
the vasculature was indeed present at the stages under 
investigation, we injected Indian ink into the develop-
ing chick embryo to identify blood vessels. Our studies 
showed that the pattern of blood vessel distribution in 
the meninges and the neural tube was similar to the 
blood vessels originating from the grafted quail somites 
(Fig. 3C, C1).
These results show that somitic cells contribute to 
the formation of the vasculature associated with the me-
ninges.
Having dismissed the somites as the origin of the 
meninges in either the neck or trunk region, we then ex-
amined the neural tube as a potential source. To that end 
we grafted neural tube at the level of somites 9–10  for 
the neck region and at the level of somite 20–22 for the 
thoracic as a control. The results presented are from 
the analysis of 4  fully incorporated graft operations at 
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Fig. 2. Development of mouse meninges. 
(A-A1) E9.5 section showing the neural tube and the somites. No meningeal layer identifiable at either cer-
vical or thoracic level. (B-B1) E10.5 section showing a cellular layer at the lateral aspect of the neural tube at 
both cervical and thoracic levels. At the cervical level the meninges were evident at the dorsal aspect of the 
neural tube (red arrow) whereas they were less prominent at the ventral. In the thoracic region meninges 
were not present at the dorsal aspect of the neural tube. (C-C1) E11.5 section showing meninges at both 
dorsal (red arrow) and ventral aspect of the neural tube in cervical and thoracic level. (D-D1) E15.5 section 
showing a dense meningeal layer adjacent to the neural tube (black arrow) with a looser middle layer 
containing blood vessels (red arrow) and an outer more dense layer (green arrow). Scale bars — 50µM.
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the cervical regions and 7  for the thoracic region. We 
found extensive populating of the meninges with cells 
of quail in origin at both sites (Fig. 3D and E). Further-
more we found that cells from the neural tube failed to 
form blood vessels (Fig. 3D1 and E1). The results show 
that cells from the neural tube form neck and thorac-
ic meninges. Since the meninges develop at some dis-
tance to the neural tube we suggested that cells from this 
structure would have first migrated as neural crest cells 
before forming the meninges and should therefore ex-
press HNK1 marker associated with this tissue. We first 
examined the expression of this marker at a stage that 
precedes the formation of meninges (see Fig.  1A) and 
found robust expression in the dorsal root ganglion but 
not in any region directly associated with the meninges 
at HH16 (Fig.  3F1). However, when we examined the 
neck and thoracic region (not shown) at HH34 we found 
robust expression of HNK1 in the meninges (Fig. 3F1).
NEURAL CREST ORIGIN OF MOUSE MENINGES
We finally investigated the origin of mouse trunk me-
ninges. For these experiments we turned to the Wnt-
1Cre mouse which has been extensively used to identify 
tissues that are neural crest in origin (Chai et al., 2000; 
Janebodin et al., 2011; Theis et al., 2010). Relevant to 
this study is the fact that this line was used to show that 
the cranial meninges originated from neural crest (Jiang 
et al., 2002). Our analysis showed robust LacZ activity 
around the neural tube indicating the presence of neural 
crest cells in trunk meninges (Fig. 4A). To confirm that 
LacZ cells were located in the meninges we examined 
their positioning in relation to the expression of laminin 
which has been extensively used to identify this tissue 
(Radakovits et al., 2009). We were able to detect LacZ ex-
pression overlapping with laminin which is a key com-
ponent of meninges (Fig. 4B and E). 
In light of the work by Jiang and colleagues 2002 
and the results from this study, we propose that neural 
crest is the source of both head and body meninges.
Discussion
The significance of the meninges in maintaining health 
is ever increasing as research discovers an accumulating 
repertoire of roles that this tissue plays in the develop-
ment and maintenance of the central nervous system. 
We have now moved well beyond thinking of them as 
only protecting the brain and spinal cord from impact 
damage. Recent work has shown that they are involved 
in the development of the CNS and contain neural stem 
cells that are active in all stages of higher vertebrate life 
(Bifari et al., 2015; Bifari et al., 2016; Borrell & Marin, 
2006). It is therefore surprising that we know so little 
about their development and origin.
Fig. 3. Neural tube origins of chick meninges. 
Quail somite transplant at cervical level (A) or thoracic level (B) 
resulted in the QCPN positive nuclei at the periphery of the 
neural tube (black arrows). Quail somites transplanted at either 
cervical (A1) or thoracic level (B1) gave rise to extensive vascu-
lature development that was quail in origin identified through 
QH1 staining (black arrows). (C) Indian ink tracing shows vascu-
lature t at HH22 and (C1) at HH34. Quail neural tube transplant 
at cervical (D) or thoracic level result in numerous cells in the 
meninges (black arrows) which did not develop into blood ves-
sels (D1 and E1). (F) HNK1 expression at the cervical region at 
HH16. Note no expression around neural tube. (F1) At HH34, 
strong HNK1 expression in the meninges (white arrow). Scale 
bars A-C1 and F-F1 — 50µM. Scale bars D-E1 — 20µM.
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We started by examining the temporal development 
of the meninges in both the chick and the mouse. Our 
results show that in the chick, the meninges first appear in 
the body at HH20 in the ventral aspect of the neural tube, 
completely surround it by HH26 and form multiple lay-
ers by HH36. In the mouse these landmarks are reached 
at E10.5, E11.5 and E15.5 respectively. It is interesting to 
compare these temporal points in the two organisms and 
relate them to their relative stage of development. Martin 
correlated the development of the chick and mouse em-
bryo and formulated a comparative scheme of tissue for-
mation with time (Martin, 1990). Using this scheme we 
find that the initiation, full neural tube coverage and spe-
cialisation of the meninges in chick and mice take place at 
almost the same relative stages of their development.
The timing of meninges formation was determined 
in our study and we showed that in the trunk region they 
developed at HH20 and E10.5  in the chick and mouse 
respectively. This is highly relevant when viewed in the 
context of neural crest development. The temporal de-
velopment of trunk neural crest in region investigated 
here shows that it starts at approximately HH13–14  in 
the chick and E9–9.5 in the mouse (Gammill and Rof-
fers-Agarwal, 2010; Serbedzija, Bronner-Fraser, and Fra-
ser, 1989; Serbedzija, Fraser, and Bronner-Fraser, 1990; 
Theveneau and Mayor, 2012). Therefore the formation 
of the meninges occurs soon after the migration event, 
undoubtedly influenced by their proximity compared to 
their site of origin. 
The origin of the meninges has been much debat-
ed during the past century. While it is general accept-
ed that the cranial meninges are of neural crest origin, 
the source of their spinal counterparts was proposed by 
many to be somitic (Bagnall et al., 1989; Christ et al., 
2007; Nimmagadda et al., 2004). Our data disproves the 
later view but also offers an explanation why this in-
correct view arose. We show that in both the chick and 
mouse, the spinal meninges are neural crest in origin. 
Neural crest also forms the boundary cap cells that lie 
adjacent to the neural tube in the trunk region (Maro 
et al., 2004). Therefore it is possible that the quail cells 
from the transplanted neural tube form this population. 
However the localisation of quail cells both dorsal and 
ventral to the neural tube, argue against this as bounda-
ry cap cells are not located at these sites. 
We show that the somites make a major contri-
bution to the vasculature of the meninges. We believe 
that the idea of somitic origin of spinal meninges arose 
because cell tracing experiments could not resolve the 
differing cell types that constitute the meninges (Bag-
nall et al., 1989). We show here that somitic cells that 
populate the neural tube are endothelial cells based on 
their co-expression of QH1. Therefore our work demon-
strates that somitic cells contribute to the vasculature 
of the neural tube which in the past has been taken to 
be the meninges. However in mitigation of studies that 
suggested a somitic origin for meninges, they were per-
formed at a time when tissue-specific markers were not 
Fig. 4. Neural crest origins of mouse meninges. 
(A) Cells of neural crest origin (red), identified by lineage tracing cells having expressed Wnt1 using the Wnt-1Cre/R26R lines around the 
entire periphery of the neural tube at the trunk level (arrows) at E13.5. Asterisk marks the dorsal root ganglion. (B) Expression of Laminin 
to identify meninges (arrows). (C) Detail of boxed area on (A) showing localisation of cells of neural crest origin (red) and (D) laminin to 
identify the meninges. (E) Co-expression of neural crest marker and laminin in meninges (yellow). Scale bars — 50µM.
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so well developed and the full repertoire of somitic tis-
sues not appreciated. Our study fully supports the no-
tion that the somites and in particular the sclerotome 
give rise to the vasculature of the meninges (Halata et 
al., 1990; Nimmagadda et al., 2005; Nimmagadda et al., 
2004). Although beyond the scope of this project, fu-
ture experiments are planned, using a genetic approach 
through the deployment of sclerotome specific report-
er lines (e.g., driven by a Pax1 promoter), to prove that 
blood vessels of the mouse neural tube originate from 
this mesodermal compartment. 
An interesting area for future work would be to de-
termine the signalling events that initiate the differen-
tiation of neural crest into meninges and whether like 
their cranial counter parts, they contain undifferentiated 
cells that are able to form neural tissues. Long term lin-
eage tracing may give clues about the fate repertoire of 
neural crest cells in the meningeal region. It is conceiv-
able that in addition to contributing to meninges that 
they could differentiate into pericytes, as found in the 
brain (Dupin and Sommer, 2012) or even neural stem 
cells. These studies were beyond the scope of our present 
investigation. Another way to address the same issue is 
to take advantage of technical developments in particu-
lar single cell transcriptional analysis (RNAseq) to ad-
dress these issues (Shembekar, Chaipan, Utharala, and 
Merten, 2016). In future we aim to perform RNAseq on 
neural crest cells that are about to form the meninges 
and identify molecular footprints of signalling pathways 
and compare them to the transcriptional profile of early 
and late stage neural crest cells. We suggest it is essential 
to determine whether spinal meninges contain neural 
progenitors during either development and/or in adult 
life. This could be achieved by exploiting the findings 
of elegant studies performed in the brain which showed 
that cells positive to Nestin are a convenient way to iden-
tify neural progenitors. If these cells are present in the 
spinal meninges then their fate can be again followed by 
single cell RNAseq analysis (Bifari et al., 2015; Bifari et 
al., 2016).
In summary our data show that the meninges of the 
neck and trunk are neural crest in origin. These results 
are concordant with the results of Jiang et al. (2002) who 
found that cranial meninges are derived from neural 
crest. Therefore all meninges originate from neural crest 
and represent a vertebrate innovation (Shimeld and 
Holland, 2000).
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